Here we provide the first detailed biochemical study of a noncanonical E1-like enzyme with broad specificity for cognate ubiquitin-like (Ubl) proteins that mediates Ubl protein modification and sulfur mobilization to form molybdopterin and thiolated tRNA. Isothermal titration calorimetry and in vivo analyses proved useful in discovering that environmental conditions, ATP binding and Ubl type controlled the mechanism of association of the Ubl protein with its cognate E1-like enzyme (SAMP and UbaA of the archaeon Haloferax volcanii, respectively). Further analysis revealed ATP hydrolysis triggered the formation of thioester and peptide bonds within the Ubl:E1-like complex. Importantly, the thioester was an apparent precursor to Ubl protein modification but not sulfur mobilization. Comparative modeling to MoeB/ThiF guided the discovery of key residues within the adenylation domain of UbaA that were needed to bind ATP as well as residues that were specifically needed to catalyze the downstream reactions of sulfur mobilization and/or Ubl protein modification. UbaA was also found to be Ubl-automodified at lysine residues required M-F. designed the research, analyzed data, wrote and revised the paper. All authors approve of the paper. Table S1 . Theoretical and observed masses of SAMP and UbaA proteins Table S2 . List of strains and plasmids used in this study. Table S3 . List of primers used in this study. Figure S1 . Raw isothermal titration calorimetry (ITC) data and corresponding enthalpy plots of UbaA:SAMP1/2 binding at 25 °C. 
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INTRODUCTION
Ubiquitylation and related protein modification systems are important in regulating cell function including proteasome-mediated proteolysis, cell division, subcellular localization of proteins, signal transduction, and DNA repair [1] . In eukaryotes, E1-E2-E3 enzymes catalyze the covalent attachment of ubiquitin (Ub) to protein targets. At the apex of the process is the E1, which adenylates the C-terminus of Ub at the expense of ATP [2] . The Ub adenylate (Ub~AMP) undergoes nucleophilic attack by a conserved E1 'active site' cysteine to form a Ub~E1 thioester [2] . E1 next recruits cognate E2s, and the Ub is transferred from the E1 catalytic cysteine to the E2 catalytic cysteine to form an Ub~E2 thioester [2] . The charged Ub~E2 combines with an array of E3 ligases to ensure proteins are properly ubiquitylated. In this process, the C-terminus of Ub is attached by isopeptide bonds to the ε-amino group of lysine residues and by linear peptide bonds to the α-amino group of protein N-termini [3, 4] .
Ancestral relatives of Ub/E1 are identified that mobilize sulfur to form sulfur-containing biomolecules (e.g., thiamine, molybdopterin (MPT), thiolated tRNA, thiol-functionalized siderophores, and 2-thiosugars) [5, 6] . In bacteria, these E1-like enzymes are well studied and found to adenylate and activate the C-terminus of the Ub-like (Ubl) protein by hydrolyzing ATP and releasing PPi [7, 8] . E2 and E3 enzymes are not used in the sulfur relay, instead the E1-like enzyme converts the Ubl~AMP (adenylate) to a Ubl protein thiocarboxylate with the sulfur derived from the cysteinyl persulfide group of a rhodanese domain (RHD) protein or cysteine desulfurase [9] [10] [11] [12] [13] . The sulfur is directed to biosynthesis by association of the thiocarboxylated Ubl protein with a protein partner dedicated to the synthesis of a particular sulfur-containing biomolecule (e.g., thiocarboxylated MoaD associates with MoaE to form MPT [14] ).
Ubl/E1-like cognate pairs are recently described to serve in Ubl protein modification and the mobilization of sulfur to form biomolecules [15] . Examples of dual function E1-/Ubl pairs include Uba4p/Urm1p of yeast [16] , UbaA/SAMPs of archaea [5] and TtuC/TtuB of thermophilic bacteria [17, 18] . While downstream protein partners are identified for sulfur mobilization (e.g., in archaea SAMP1 partners with MoaE to form MPT and SAMP2 associates with NcsA to thiolate tRNA) [19, 20] , E2-and E3-type enzymes have yet to be identified for the Ubl protein modification activities of these dual function E1-/Ubl pairs. Furthermore, the molecular mechanism of how a single E1-like enzyme can function to activate an Ubl protein for sulfur mobilization and protein modification is poorly understood.
Here an insight into non-canonical E1-/Ubl pairs that are of dual function is provided by determining biochemical properties and structure-function relationships of the archaeal UbaA/SAMPs. In particular, UbaA was defined in terms of its nucleotide ligands, thermodynamics of Ubl protein binding, thioester intermediate, regulation by automodification, and amino acid residues important for catalytic function. Site-directed mutagenesis was found critical for refining 3D-homology models and for identifying amino acid residues important for UbaA function.
RESULTS

Nucleotide ligands of UbaA
The noncanonical E1-like enzyme UbaA, of the archaeon Hfx. volcanii, was purified as a homodimer ( Fig. 1 ) and analyzed for nucleotide binding by differential scanning fluorimetry (DSF) ( Table 1) . Sypro Orange was used detect an increase in the stability and associated melting temperature (T m ) of UbaA when bound to its nucleotide ligands, as this dye displays increase in fluorescence when bound to hydrophobic residues exposed during protein thermal denaturation [21] . Of the ligands tested, ATP and its non-hydrolyzable analog AMP-PNP were found to have the greatest influence on the T m of UbaA (with an increase of 8.2 °C and 7.4 °C, respectively) ( Table 1) . ADP also increased the T m of UbaA (by 4.4 °C); whereas, AMP, CTP, GTP, UTP, and TTP had no detectable effect in these assays (Table 1) .
Thus, UbaA was found to bind the nucleotide ligands AMP-PNP, ATP and ADP but not AMP, CTP, GTP, UTP, and TTP. These results are supported by our recent finding that PP i is released when UbaA is incubated with SAMPs and ATP, but not the other nucleoside triphosphates [22] .
Influence of ATP ligand on UbaA binding to SAMP1/2
Thermodynamic parameters of the UbaA homodimer and its binding to the monomeric SAMPs were determined by isothermal titration calorimetry (ITC) analysis (Table 2 , supporting data Fig. S1 ). To assess Ubl:E1-like complex formation in the absence of ATP hydrolysis, ITC analysis was performed with and without added AMP-PNP and metal-free ATP (EDTA-treated). By this approach, UbaA homodimers were found to bind SAMP1/2 monomers in 1:2 molar ratio with the C-terminal diglycine (diGly) residues of the SAMPs required for this association (Table 2 ). UbaA associated with SAMP1 independent of nucleotide (K d of 4.1 μM); however, docking of ATP promoted a tighter binding of UbaA to SAMP1 based on a 2-to 3-fold reduction in the dissociation constant observed upon addition of metal-free ATP (K d of 1.2 μM) or AMP-PNP (K d of 1.7 μM) to the assay (Table  2) . AMP and PP i had little, if any, influence on SAMP1 binding to UbaA (K d of 4.4 μM) compared to no nucleotide ( Table 2 ). The binding of SAMP1 to UbaA was entropically driven (ΔS>0), suggesting that the association of these protein partners caused hydrophobic side chains to become buried and water to be released with a minimal loss of conformational degrees of freedom. In contrast to SAMP1, ATP binding was required for UbaA to associate with SAMP2 with an observed K d of 4.3 μM that was not detected in the absence of metalfree ATP. The binding of SAMP2 to UbaA was enthalpically favored (ΔH<0), revealing hydrogen bonding and van der Waals interactions likely dominated the binding interface.
Overall, these results demonstrate significant differences in the thermodynamic properties of UbaA binding to the SAMPs that are dependent upon the SAMP-type.
UbaA associates with the SAMPs in vivo-The binding of UbaA to SAMPs was assessed in vivo including an evaluation of the impact of culture conditions. To accomplish this, the UbaA and SAMPs were co-expressed as functional epitope-tag fusions (C-terminal StrepII and N-terminal Flag, respectively) [23] [24] [25] . The SAMPs devoid of their C-terminal diGly residues (ΔGG) were included for comparison. Protein partners of UbaA were captured by StrepTactin chromatography, with buffers supplemented with 2 M salt to maintain non-covalent bonds (e.g., haloarchaeal 20S proteasomes disassemble at salt concentrations less than 1 M) [26] . Hfx. volcanii strains were grown in the absence and presence of DMSO, with the latter used to induce Ubl bond formation [23] . Analysis of the whole-cell lysate input revealed SAMP1-3 formed Ubl bonds on diverse protein targets; whereas, SAMP1/3 ΔGG did not form Ubl bonds and SAMP2 ΔGG formed a Ubl conjugate of 44 kDa ( Fig. 2A ). SAMP2 has a long and flexible C-terminal tail compared to SAMP1/3 [27] , which may explain why SAMP2 ΔGG can form a Ubl bond with its C-terminal lysine. Further analysis of the pull-down fractions revealed UbaA bound all three SAMPs in noncovalent complexes and required the C-terminal diGly residues to detect this association (Fig. 2B) . The levels of SAMP1/2 non-covalently bound to UbaA were significantly decreased when cells were grown in the presence of DMSO, while SAMP3 bound UbaA irrespective of the growth conditions examined (Fig. 2B) . Taken together, these results demonstrate that UbaA can associate with all three SAMPs in non-covalent complexes in vivo and that the association of UbaA with SAMP1/2 is modulated by environmental conditions (DMSO).
Modeling the 3D structure of UbaA-The UbaA adenylation domain could be modeled with high (> 90%) confidence by comparison to bacterial MoeB/ThiF crystal structures (Fig.  3A) . Within the adenylation domain, the phosphate-binding loop (P-loop) (39-GAGGLGAP-46) of UbaA was found to differ from the classical Walker A motif of G-X 4 -GK[T/S] (where X represents any amino acid) by the absence of the conserved lysine residue required for nucleotide binding. Instead, UbaA K87, G42, R74 and S70 were modeled to form direct H-bonds to the oxygen atoms of the nucleotide triphosphate groups of ATP, and D131 was predicted to coordinate the Mg 2+ ion associated with the nucleotide (Fig. 3B) . UbaA residues that would interface and activate the Ubl SAMPs and coordinate a structural Zn 2+ ion were not as clearly defined by homology modeling. The majority of cysteine residues appeared on the surface of UbaA. The conserved 'active site' cysteine (C188) of UbaA was modeled to a unstructured region (V166 to G195) that appeared to contact the Ubl MoaD, yet was at a distance from the site of activation (the C-terminal diGly) (Fig. 3A) . UbaA C79 and C203 were positioned within the homodimer interface at a substantial distance that would prohibit disulfide bonding. UbaA C171, C174, C245, and C248 aligned with the cysteine residues of a tetrad motif that coordinates Zn 2+ in MoeB/ ThiF crystal structures (Fig. 3B-C) . However, a C-terminal extension was also identified in UbaA that was rich in acidic amino acid residues (Asp/Glu) as well as C265 that could theoretically coordinate Zn 2+ (Fig. 3B-C ). This C-terminal extension was found to be widely conserved in archaeal E1 homologs, yet absent in bacterial MoeB/ThiF proteins and fused to an additional rhodanese domain (RHD) in Uba4p/MOCS3 (Fig. 3C) . Thus, while the model of UbaA appeared robust in predicting residues that could coordinate ATP, the remaining portions of the protein were not as well defined.
UbaA residues required for nucleotide binding-Amino acid exchange analysis was used to define UbaA residues within the adenylation domain that could bind ATP. Residues predicted to coordinate the β-phosphate group (K87) and the Mg 2+ ion (D131) of Mg-ATP were targeted for site-directed modification. The conserved 'active site' cysteine (C188), previously reported to be important in sulfur mobilization and Ubl bond formation (sampylation) [24] , was included for comparison. The amino acid exchange variants of UbaA (K87R, D131N and C188A) were purified and the DSF-derived T m values were compared to wild type in the presence and absence of ATP (Table 1 ). All three UbaA variants were found to purify as homodimers similarly to wild type and to have T m values comparable to wild type when assayed in the absence of nucleotide ligand ( Table 1 ). The C188A variant had an increase in T m of 7.12 °C when assayed in the presence of ATP that was similar to wild type and indicative of ATP binding. By contrast, ATP did not significantly alter the T m values of UbaA K87R and D131N, with thermal shifts of less than 0.5 °C. Thus, UbaA K87 and D131 were important for ATP binding, while C188 was not needed to coordinate this ligand.
Key residues within the adenylation domain are required for UbaA activitySite-directed variants of the UbaA adenylation domain were next analyzed for E1-like activities downstream of ATP binding. By this approach, the residues (K87 and D131) needed to bind ATP were also found important for all of UbaA activities including Ubl bond formation (Fig. 4A) , sulfur mobilization to form MPT (Fig. 4B) , and tRNA Lys UUU thiolation (Fig. 4C) . By contrast, UbaA residues in close proximity to K87 and the ATP β/γ-phosphate region had a differential effect; N71 and R74 were important for Ubl bond formation, but only N71 was essential for sulfurtransferase activity (MPT biosynthesis and tRNA thiolation) (Fig. 4) . Substitutions of glycine residues within the P-loop were inconclusive, as the single G42A had no effect and the double G39A G41A substitution inactivated UbaA but also reduced the levels of this E1-like protein in the cell (Fig. 4) . No apparent difference from wild type was observed in strains expressing UbaA D63N, D65N, S70A, and L72P (Fig. 4) . Together these results demonstrate that the UbaA residues needed to bind ATP (D131 and K87) are required for all UbaA activities and, thus, are positioned at the early stage of Ubl protein activation. Furthermore, the results reveal that UbaA harbors residues within the β/γ-phosphate binding region that are important in Ubl bond formation but not necessarily needed for sulfur mobilization.
Thiol-dependent linkage of UbaA to SAMPs-We next examined whether ATP hydrolysis could drive the formation of covalent bonds between UbaA and SAMP by gel mobility shift assay. After incubating UbaA and SAMP with various nucleotides, the purified proteins were boiled in SDS buffer under reducing (β-mercaptoethanol, β-ME) and non-reducing conditions, separated by PAGE and analyzed for complex formation by immunoblotting. All three SAMPs were found to associate with UbaA in covalent complexes that were sensitive to reducing reagent suggesting formation of a thioester intermediate (UbaA~SAMP) (Fig. 5A ). Under these brief incubation periods, a small portion of the complexes were resistant to β-ME indicating that Ubl covalent bonds were also formed on UbaA (see Autosampylation section for detailed analysis). The non-hydrolyzable ATP analog, AMP-PNP, as well as ADP, AMP, PP i , GTP, CTP, TTP and UTP could not substitute for ATP in formation of these covalent bonds (Fig. 5A ). The C-terminal diGly residues of the SAMPs were also found important in the covalent linkages (Fig. 5B) . Preincubation of UbaA with the sulfhydryl-modifying NEM or the heavy metal chelator TPEN inhibited complex formation, with addition of Zn 2+ , Co 2+ and Mn 2+ (but not Cu 2+ , Fe 2+ , Ni 2+ or Mg 2+ of the Mg-ATP) to TPEN treated UbaA restoring complex formation (Fig. 5C ). The heavy metal ion needed to form the UbaA~SAMP complex was most likely a non-catalytic Zn 2+ ion based on comparison to other enzymes of the E1/MoeB/ThiF superfamily [28, 29] . Thus, an NEM-sensitive cysteine residue(s) of UbaA is suggested to form a thioester intermediate with the SAMPs in the presence of hydrolyzable ATP that requires UbaA to be bound to a structural Zn 2+ ion.
UbaA residues required for thiol-dependent linkage to the SAMPsInvestigation was next carried out to determine the amino acid residues required to form the UbaA~SAMP thioester. Our focus was on the UbaA residues that were found important for ATP binding/hydrolysis (K87 and D131) as well as the conserved cysteine (C188) positioned within the central α-helix of the UbaA model. UbaA K87R, D131N and C188[A/S] proteins were assayed by gel mobility shift assay with SAMP1. With this approach, UbaA K87 and D131 were found crucial for the formation of the thiol intermediate ( Fig. 5D ), most likely due to the requirement of these residues for ATP binding. To our surprise, the conserved 'active-site' C188 of UbaA was not needed to form the thiol intermediate, yet the complex was sensitive to NEM (Fig. 5D ). Thus, UbaA harbored one or more cysteine residues, distinct from C188, which formed a thioester intermediate with the SAMPs.
UbaA cysteine residues important for catalysis-Alanine/serine scanning mutagenesis was used to determine cysteine residue(s) which may be responsible for UbaA activities. UbaA has nine cysteine residues including those of a Cys-tetrad motif (C171, C174, C245 and C248) and an 'active site' cysteine (C188) conserved among members of the E1/MoeB/ThiF superfamily (Fig. 3C) . Interestingly, UbaA C188[A/S], which formed a thioester bond with SAMP1/2 in vitro, also functioned to modify proteins with Ubl bonds under optimized in vivo assay conditions (Fig. 6A ), but was not found to mobilize sulfur to form MPT or thiolated tRNA ( Fig. 6B-C) . While the analogous 'active site' cysteine of canonical E1s forms a Ub/Ubl thioester intermediate, this cysteine residue is not needed for bacterial MoeB function and has important/unimportant roles in yeast Uba4p/human MOCS3 depending upon the assay conditions (see Table 3 for comparison). Further individual amino acid substitution of the Cys-tetrad of UbaA revealed the first cysteine residue (C171 and C245) of each CX 2 C pair was essential for Ubl bond formation and sulfur mobilization, while the second cysteine of the pair (C174 and C248) was not needed for function (Fig. 6 ). Thus, UbaA differed from its bacterial MoeB counterpart, which requires all Cys-tetrad motif residues for sulfurtransferase activity (Table 3) . Further analysis of the other UbaA variants revealed C203 was nonessential, while C265 near the C-terminus was exceptional in its requirement for the thiolation of tRNA but not for Ubl bond or MPT formation (Fig. 6 ). Double amino acid substitution of C188S with other cysteine variants that alone had little to no impact on UbaA activity resulted in a significant reduction in the level of Ubl bonds formed but did not impair UbaA protein levels (Fig. 6A ). These findings support a model in which UbaA uses cysteine residue(s) distinct from C188 to form a Ubl thioester intermediate(s) and subsequent Ubl bonds. Our results suggest UbaA may have a significant amount of flexibility to accommodate multiple cysteine residues in Ubl protein activation during Ubl bond formation, which is consistent with the disordered region overlap of MoeB/ThiF (Fig. 3A) . When compared to MoeB/ThiF, one structural difference of UbaA is its extended C-terminal tail that is rich in Cys/Glu/Asp residues that could bind Zn 2+ and free up the Cys-tetrad for use in forming the thioester intermediate observed between SAMP and UbaA C188[S/A] (Fig. 3C) . Further deliberation on the noncanonical E1-like mechanism is in the Discussion section.
Autosampylation-Several lines of evidence support autosampylation of UbaA (i.e., the sole E1/MoeB/ThiF superfamily member of Hfx. volcanii forms Ubl linkages on itself).
First, UbaA is found covalently linked to the Ubl SAMPs. Of its four lysine residues, UbaA is sampylated at two lysines, K157 (modified by SAMP1) and K113 (modified by SAMP1/2), based on previous study [25, 30] . In addition, in this study, UbaA was found to be covalently linked to all three SAMPs (SAMP1/2/3) by Ubl bonds that were resistant to reducing SDS-PAGE (Fig. 7A ) and hydrolyzed by HvJAMM1 (Fig. 7B) , a Zn 2+ dependent metalloprotease that cleaves Ubl bonds [19] . Further analysis by LC-MS/MS, revealed UbaA K87 to be linked to SAMP2 by an Ubl bond (Fig. 7C) . In addition to finding Ubl bonds on UbaA, in vitro assay with purified components demonstrated UbaA to catalyze autosampylation. Covalent complexes of UbaA-SAMP (recalcitrant to β-ME) were detected when UbaA homodimers and SAMP1 monomers were incubated at 1:2 molar ratio in the presence of ATP (Fig. 7D) . The Ubl linked products were evident after the SAMPs were incubated with UbaA wt (10 min) or C188A (30 min), but were not detected when ATP was omitted from the assay (Fig. 7D) . UbaA residues important in ATP binding (K87 and D131) and other residues in the P-loop region (G39, G41, G42 and R74) were required to detect the autosampylation activity (Fig. 7D) . Further analysis of UbaA lysine residue function revealed that, while K87 was essential for all enzyme activities, K157 was required for only sulfur mobilization (not Ubl bond formation) and K113 and K211 were unessential (Fig. 8) . Overall, these results reveal UbaA is autosampylated through an ATP-dependent mechanism that is catalyzed independent of E2/E3 enzymes.
DISCUSSION
Here we summarize the major findings of the structure-function study a non-canonical E1-like enzyme with broad specificity for cognate Ubl proteins that mediates Ubl-protein modification and sulfur mobilization (to form MPT and thiolated tRNA). In particular, we highlight key findings regarding the archaeal E1-like UbaA and Ubl SAMPs (Fig. 9 , Table  3 ).
UbaA binding to its cognate SAMP is influenced by environmental condition
Compared to oxygen alone, the non-covalent binding of UbaA to SAMP1/2 is reduced when cells are grown to stationary phase with added DMSO (a mild oxidant and terminal electron acceptor). One possible explanation for these findings is that SAMP1/2 are not only Ubl protein modifiers but are also sulfur-carriers [20, 24] . The abundance of thiocarboxylated SAMP1/2 is likely to be increased with added DMSO to generate the MPT needed for DMSO respiration and the thiolated tRNA for stress resistance and long-term survival. Thiocarboxylated SAMP1/2 is likely to have reduced affinity for UbaA binding to allow for association with protein partners (MoaE/NcsA) that direct the sulfur to the appropriate biomolecule (MPT biosynthesis/ tRNA thiolation) [20, 24] . SAMP3 binding to UbaA is unaffected by DMSO but has no known role in sulfur mobilization.
The type of Ubl protein has a major influence on the order of substrate binding to UbaA SAMP1/2 are Ubl fold proteins with distinct structural features that are likely to be influential factors in binding UbaA. SAMP1, while not a close homolog, does share 3D structural elements [31] and C-terminal amino acid sequence (−GDE[L/V]ALFPPV[S/ T]GG) with bacterial MoaD. Much like the bacterial MoaD binding to MoeB [28, 32] , the archaeal SAMP1 binds UbaA in the absence of ATP, with this association stabilized by ATP binding. By contrast, SAMP2, which has an extended C-terminal tail and unique β-hinge region [27, 33] , binds UbaA like eukaryotic Ub binds E1 [34] , through an ordered mechanism in which ATP binding precedes Ub/Ubl protein binding to the E1/E1-like enzyme. Interestingly, the downstream consequences of SAMP2 binding to UbaA are also eukaryotic-like (SAMP2 tags proteins for destruction by proteasomes, whereas, SAMP1-modified proteins can be quite stable) [19, 35] . The importance of the Ub/Ubl C-terminal diGly motif in E1/E1-like binding is evolutionarily conserved in that the archaeal SAMP diGly is needed to bind UbaA, the bacterial MoaD G81 (of the diGly motif) is needed to bind MoeB [32] , and the eukaryotic Ub diGly is needed to form the Ub adenylate (Ub~AMP) and E1~Ub thioester [36] [37] [38] [39] implying that the diGly is also needed for E1 binding. Whether archaeal Ub-fold proteins devoid of C-terminal diGly residues, as predicted by genomics [40] , use different binding determinants or do not bind E1-like enzymes remains to be determined.
Residues within the UbaA adenylation domain bind/hydrolyze ATP and direct SAMPs to either Ubl bond formation or sulfur mobilization
In particular, K87 and D131 (residues modeled to coordinate the β-phosphate and Mg 2+ ion of Mg-ATP, respectively) are found important for all UbaA functions including forming Ubl bonds and mobilizing sulfur to form MPT and thiolated tRNA. UbaA deficiency in these diverse activities is explained by the inability of the K87R and D131N variants to bind ATP (the first step in the pathway). By contrast, residues modeled near the ATP γ-phosphate binding pocket are generally important in Ubl bond formation but have differential roles in sulfur mobilization (e.g., N71 is crucial in formation of MPT and thiolated tRNA, while R74 is unimportant in these activities).
UbaA forms a thioester intermediate with the SAMPs
Previous work demonstrates UbaA adenylates SAMPs (an early step in the pathway) [22, 41] . Here, we find UbaA forms a thioester intermediate with the SAMPs (a later step in the pathway). Thiol-dependent intermediates are commonly reported for the canonical Ub~E1s of eukaryotes [42, 43] and the dual function TtuC~TtuB of hyperthermophilic bacteria [18] , but are not observed for systems associated solely with sulfur mobilization, such as the bacterial MoeB:MoaD [7] . We argue that UbaA cysteines and not cysteine persulfides act as the apparent nucleophile in formation of the UbaA~SAMP thioester intermediate based on the following. First, a thiol-dependent bond was detected between SAMP and UbaA that required the input of ATP but not a sulfur donor (e.g., thiosulfate or cysteine). Second, the SAMPs and UbaA used for the in vitro reactions were purify to homogeneity and did not have a +16 Da mass increase indicative of added sulfur as determined by ESI-TOF MS analysis (Table S1 ). The thioester bond is argued to be the C-terminal residue of SAMP linked to an UbaA cysteine residue(s), based on finding that the bond is sensitive to SAMPΔGG and NEM treatment, which would alkylate active site thiol groups present in UbaA (not the cysteine-free SAMPs).
UbaA activates the SAMP in formation of a thioester by a cysteine residue that is distinct from the conserved 'active site' cysteine Stunningly, the conserved 'active site' cysteine of UbaA is only needed for sulfur mobilization and is not required to activate the SAMP in formation of the thioester intermediate or subsequent Ubl bonds. Candidate UbaA cysteines that would form the thioester reside within the Cys-tetrad motif. Unlike bacterial MoeB which requires the Cys-tetrad for binding a structural Zn 2+ ion [7] , the UbaA residues of the Cys-tetrad are in close proximity to an extended C-terminal tail rich in Cys/Asp/Glu residues that could in theory contribute to electrostatic coordination of a structural Zn 2+ . If so, the UbaA Cys-tetrad residues would be free to form a thioester intermediate with the SAMPs. This added flexibility would also allow UbaA to form and/or associate with cysteine persulfides during the mobilization of sulfur, a process that would require the attack of another cysteine residue, leading to disulfide bonds that require input of reductant for enzyme recycling. The implication of such a mechanism would be that at least one other cysteine must reach into the region where the SAMP adenylate needs to be attacked. A good candidate is C265 within the C-terminal tail of UbaA, since this cysteine residue is uniquely required in the thiolation of tRNA, but is not needed to form Ubl bonds. Even the canonical eukaryal E1s display a high degree of plasticity within the active site [2] . In the initial stages of binding Mg-ATP and Ub, the E1 active site cysteine is relatively far from the adenylation active site [2] . Once Ub is adenylated and PPi is released, the E1 active site undergoes a network of complementary conformation changes to allow for thioester bond formation (including a 130° rotation of the domain harboring the active site cysteine) [2] .
UbaA is autosampylated at lysine residues important to its function
UbaA is the sole member of the E1/MoeB/ThiF superfamily in many archaea including Hfx. volcanii, thus, autosampylation of UbaA and its homologs could have a significant impact on archaeal Ubl biology. In Hfx. volcanii, UbaA is modified at K87 by SAMP2, K113 by SAMP1/2, and K157 by SAMP1 (this study and [25, 30] ). Likewise, in Sulfolobus acidocaldarius, the UbaA homolog ELSA is autoconjugated by the SAMP1 structural homolog Urm1 [44] , although the site and function of this modification remains to be determined. Here we find UbaA K87 is critical for ATP binding (an early step in Ubl bond formation and sulfur mobilization). Thus, autosampylation of K87 is likely to downregulate all UbaA activities that require ATP hydrolysis and to occur through an intersubunit mechanism (within the UbaA homodimer that binds SAMP at a 1:2 molar ratio). Our finding that K157 is needed in sulfur mobilization but not Ubl bond formation, suggests the Ubl SAMP1 linkage at this site is a specialized form of autoregulation, having little to no impact on Ubl bond formation, but instead is likely to reduce the rate of sulfur mobilization. The positioning of K157 near the unstructured C188 loop in the UbaA model (Fig. 3A) is consistent with this lysine residue having an influential role in UbaA activity. Members of E1-E2-E3 systems are auto-regulated through Ub/Ubl modification in eukaryotic cells [45] [46] [47] [48] [49] [50] [51] ; thus, the archaeal Ubl system is no exception.
Materials and Methods
Materials
Biochemicals were purchased from Sigma-Aldrich (St. Louis, MO). Other organic and inorganic analytical-grade chemicals were from Fisher Scientific (Atlanta, GA) and Bio-Rad (Hercules, CA). Desalted oligonucleotides were from Integrated DNA Technologies (Coralville, IN). Phusion and Taq DNA polymerases, restriction enzymes, T4 polynucleotide kinase and T4 DNA ligase were from New England Biolabs (Ipswich, MA).
Strains, media and growth conditions
Strains, plasmids and primers used in this study are summarized in Tables S2-S3 . Hfx. volcanii strains were grown aerobically by rotary shaking (200 rpm) at 42 °C in ATCC 974 medium supplemented with novobiocin (Nv, 0.2 μg·ml −1 ). Escherichia coli strains were grown in LB medium with ampicillin (Ap, 100 μg·ml −1 ), chloramphenicol (Cm, 30 μg·ml −1 ) and/or kanamycin (Km, 50 μg·ml −1 ) as needed. Anaerobic growth by DMSO respiration was assessed as previously described [24] . Growth of cell cultures was monitored by optical density at 600 nm (OD 600 ).
Protein purification
SAMPs (N-term Flag-His6 tag) and UbaA (N-term His6-or C-term StrepII tag) were expressed and purified from recombinant E. coli Rosetta (DE3) and Hfx. volcanii HM1052 or NH02. Cells were lysed by French Press (24000 psi; chilled on ice) in Tris-salt buffer (2 M NaCl, 50 mM Tris-HCl, pH 7.5) (supplemented with 40 mM imidazole for His6-proteins). Lysate was clarified by centrifugation and filtration (0.45 μm). Clarified lysate of cells expressing His6-proteins was applied to a HisTrap HP Ni 2+ -affinity chromatography (GE Healthcare) equilibrated and washed in Tris-salt buffer with 40 mM imidazole; proteins were eluted in Tris-salt buffer with 500 mM imidazole. For StrepII-proteins, clarified cellfree extract was applied to a Strep-Tactin column (Qiagen) equilibrated and washed in Trissalt buffer, and proteins were eluted in Tris-salt buffer supplemented with d-desthiobiotin (5 mM). Samples were concentrated to 0.5-2.0 mg·ml −1 protein by Ultracel-10 centrifugal filtration (Millipore). Proteins (at 500 μl per run) were separated by size exclusion chromatography (SEC) using a Superdex 75 10/300 GL column (GE Healthcare) equilibrated in HEPES-salt buffer (2 M NaCl, 1 mM DTT, 50 mM HEPES, pH 7.5) at 0.3 ml per min. NaCl in the SEC buffer was reduced from 2 M to 150 mM for separation of the molecular mass standards: blue dextran (void volume), bovine serum albumin (66 kDa), horseradish peroxidase (44 kDa), bovine erythrocyte carbonic anhydrase (29 kDa), and equine heart cytochrome C (12.4 kDa) (Sigma Aldrich). Chromatography steps were aerobic at room temperature, and samples were stored on ice or at 4 °C. Protein concentration was determined by bicinchoninic acid (BCA) protein assay (Thermo Scientific, Rockville, IL) using bovine serum albumin (Thermo Scientific, Rockville, IL) as the protein standard. Proteins were determined to be homogenous by SDS-PAGE (Fig. 1) and electrospray ionization time-of-flight mass spectrometry (ESI-TOF MS) analyses (Table S1 ). The homodimeric and monomeric configurations of the respective UbaA and SAMPs were based on SEC analysis (Fig. 1) . UbaA-StrepII proteins were purified from Hfx. volcanii strains by StrepTactin chromatography as previously described [52] .
Immunoblotting
Proteins were separated by SDS-PAGE and transferred onto Hybond PVDF membrane (0.45 μM, Amersham). Samples were normalized for loading by total protein and stained with Coomassie brilliant blue (CBB) to confirm equal sample loading. Affinity tagged proteins were detected on membranes by immunoblotting using alkaline phosphatase-linked antiFlag M2 monoclonal antibody (Sigma) or a combination of anti-StrepII polyclonal antibody (Qiagen) and alkaline phosphatase-linked goat anti-rabbit IgG antibody (SouthernBiotech).
Chemiluminescent signals were visualized on X-ray film (Research Products Intl. Corp.) by alkaline phosphatase activity using CDP-Star (Applied Biosystems) as the substrate.
3D homology structural modeling
UbaA was comparatively modeled by Phyre2 (Protein Homology/AnalogY Recognition Engine) [53] using the E. coli complexes MoeB-MoaD (1JW9) and ThiF-ThiS (1ZUD) from the Structural Classification of Proteins (SCOP) and the Protein Data Bank as fold templates (where, UbaA shares a 42/56 and 39/57 % amino acid sequence identity/similarity over a 90% query coverage of MoeB and ThiF, respectively). The disordered N-and C-termini (25 residues total) were modelled by ab initio simulation using the simplified protein-folding simulator Poing, available through Phyre2 [53] . Ligand-binding sites were determined using the 3DLigandSiteligand binding prediction server [54] .
Differential scanning fluorimetry (DSF)
Purified UbaA-StrepII (20 μM) was mixed with 5 mM nucleotides (ATP, GTP, CTP, TTP, ADP, AMP, AMP-PNP) or PP i in DSF buffer (50 mM HEPES pH 7.5, 2 M NaCl, 5 mM MgCl 2 , 1 mM DTT and 50 μM ZnCl 2 ) and 1× Sypro Orange (Invitrogen). Mixtures (40 μl) were incubated at room temperature for 10 min in a 96-well PCR microplate in the dark. The thermal stability of UbaA was determined from protein melting curves generated by increasing temperature from 22 to 95 °C at 1 °C•min −1 using a C1000 thermal cycler (BioRad CX96 Realtime System). Fluorescence was scanned for 5 s in temperature increments of 0.2 °C. Protein melting temperatures were calculated by melting curve fitting using CFX Manager 2.1 (Bio-Rad). The general approach was adapted from [21] .
Isothermal titration calorimetry (ITC)
ITC experiments were carried out on a MicroCal iTC200 microcalorimeter (MicroCal Inc., Northampton, MA) using the iTC200 v 1.24.2 software for instrument control and data acquisition. Protein samples (SAMPs and UbaA) separately contained in 200-μl dialysis tube, were co-dialyzed against Tris-salt buffer with or without 1 mM nucleotides (ATP, AMP-PNP or AMP and PPi) supplemented with 1 mM EDTA at 4 °C to minimize buffer mismatch and prevent formation of the SAMP adenylates and PPi. SAMP (600 μM) in a 40-μl syringe was titrated in 20 subsequent injections (0.4-μl pre-injection followed by nineteen 2-μl injections) to 201.9 μl of 60 μM UbaA in the sample cell to reach the final molar ratio of SAMP to UbaA of about 2:1. Injection duration was set to 7.82 s with a 3-min interval between injections into the sample cell. Mixing was carried out at 25 °C with reference power and rotational stirring set at 5 μcal/s and 1000 rpm, respectively. The change in thermal power as a function of each injection was recorded and the raw data were fully processed using MicroCal ORIGIN 7.0 software. The binding isotherms of heat determined from the integral of the calorimetric signal were plotted as a function of molar ratio of SAMP to UbaA. To extract observed affinity (K obs ) and observed enthalpy (H obs ), the binding isotherms were iteratively fit via non-linear least squares regression analysis to the following equation:
where q(i) is the heat released or absorbed (kJ/mol) for the ith injection, N is the binding stoichiometry, V o is the cell volume, U is the UbaA concentration (μM) and S is the concentration of SAMP (μM). The equation above is derived from law of mass action assuming a one-site binding model in a macromolecule. The observed free energy of binding (ΔG obs ) was calculated from the following equation:
where R is the universal molar gas constant (8.315 J/mol/K) and T is the absolute temperature (298K). Observed entropic contribution (ΔS obs ) to binding was calculated from the relationship:
Calorimetric data were corrected from background signals generated by heat effects of injection, mixing, hydration, and dilution. Background controls include buffer to buffer, SAMP to buffer, and buffer to UbaA titrations.
Gel shift assay
UbaA and SAMP interactions were examined by gel shift assay as follows. Reaction mixtures (20 μl) containing 5 μM UbaA-StrepII, 5 μM Flag-His 6 -SAMP, 10 mM nucleotide (ATP, ADP, AMP-PNP, GTP, CTP, TTP or UTP) in SAMP-activation assay buffer (50 μM ZnCl 2 , 10 mM MgCl 2 , 0.5 mM DTT, 2 M NaCl, 20 mM HEPES, pH 7.5) were incubated at 50 °C for 30 min. Reactions were stopped by adding equal volume of 2× SDS-PAGE loading buffer with and without 71 mM β-mercaptoethanol. Samples were boiled for 5 min, separated by 12 % SDS-PAGE and visualized by anti-Flag immunoblotting. To determine the importance of cysteine thiol groups, UbaA was pre-treated with 5 mM N-ethylmaleimide (NEM) for 2 min prior to addition of SAMP and ATP to the assay. To chelate Zn 2+ from UbaA prior to assay, a 100-μl mixture containing 10 μM UbaA was incubated with 100 μM N,N,N',N'-tetrakis (2-pyridylmethyl) ethylenediamine (TPEN) in high-salt HEPES buffer (2 M NaCl, 20 mM HEPES, pH 7.5) at room temperature for 15 min. Formation of thioldependent UbaA~SAMP complexes was carried out in 20-μl reaction mixtures, containing 1 μM TPEN-pre-treated UbaA, 1 μM SAMP, 5 mM MgCl 2 , 50 mM of divalent cation (Zn 2+ , Co 2+ , Cu 2+ , Fe 2+ , Mn 2+ , or Ni 2+ ) in high-salt HEPES buffer.
Detection of thiolated tRNA
Total RNA was isolated from log-phase cells of Hfx. volcanii as described previously [20] .
Purified RNA was precipitated in 250 mM sodium acetate (pH 5.0) with two volumes of prechilled 95% (v/v) ethanol and washed thoroughly with 70% (v/v) ethanol. The RNA pellet was air-dried and resuspended in 30 μl DEPC-treated H 2 O. RNA integrity was assessed by agarose gel electrophoresis, and the concentration was subsequently determined spectrophotometrically (A 260 nm ). [(N-acryloylamino)phenyl] mercuric chloride polyacrylamide gel electrophoresis (APM-PAGE) was used to ascertain the thiolation of tRNA as previously described [24] . An oligonucleotide specific for tRNA Lys UUU (5′-CGGGCTGGGAGGGACTTGAACCCCC-3′) (5′ end-labeled with [γ-32 P]ATP and T4 polynucleotide kinase) was used as the probe for analysis of the APM gels by Northern blotting.
In vitro cleavage of SAMP-UbaA conjugates by HvJAMM1 desampylase
N-terminal His 6 -tagged HvJAMM1 was purified as previously described [55] . Desampylation of SAMP-UbaA conjugates was carried out in 20-μl reaction mixture containing 5 mM HvJAMM1 and 5 μg SAMP-UbaA conjugates in 20 mM HEPES buffer, pH 7.5, with 50 mM ZnCl 2 and 2 M NaCl. Reactions were carried out at 50°C for 2-3 h. Separate mixtures without the enzyme, with the heat-killed enzyme (pre-boiled for 15 min), and with addition of 50 mM EDTA served as negative controls. Desampylation products were visualized by anti-Flag and anti-StrepII immunoblotting.
Mapping ubiquitin-like bond formation on UbaA
Conjugation site of SAMP2 on UbaA was determined by electrospray ionization, collisioninduced dissociation and tandem mass spectrometry (ESI-CID-MS/MS) analysis. UbaAStrepII, purified from Hfx. volcanii HM1052-pJAM957, was digested with trypsin. Tryptic The focusing potential and ion spray voltage were set to 225 V and 2400 V, respectively. The information-dependent acquisition (IDA) mode of operation was employed in which a survey scan from m/z 400-1800 was acquired followed by collision induced dissociation (CID) of the four most intense ions. Survey and MS/MS spectra for each IDA cycle were accumulated for 1 and 3 s, respectively. For protein search algorithm, the tandem mass spectra were extracted by ABI Analyst version 2.0. All MS/MS samples were analyzed using Mascot (Matrix Science, London, UK; version 2.2.07). Mascot was set up to search Haloferax_032511 database assuming trypsin digestion, with fragment ion and parent ion mass tolerances both set at 0.50 Da. Variable modifications including iodoacetamide derivative of Cys, deamidation of Asn and Gln, and oxidation of Met were specified in the software. Scaffold (Proteome Software Inc., Portland, OR; version 4.3.4) was used to validate MS/MS-based peptide and protein identifications. Peptide identifications were accepted if probability was >95.0% cutoff specified by the Peptide Prophet algorithm [56] or >99.0% probability of at least two identified unique peptides, as assigned by the Protein Prophet algorithm [57] . (A) UbaA and SAMP1/3 were found to migrate as single protein bands and SAMP2 as two distinct protein bands, when separated by reducing SDS-PAGE and stained with Coomassie brilliant blue. The flexible β-hinge region of SAMP2 [27] was attributed to account for its unusual migration by SDS-PAGE, based on analysis of samples by electrospray ionization time-of-flight mass spectrometry (ESI-TOF MS) that suggested protein homogeneity (Table  S1 ). (B) Representative SEC elution profiles are presented which reveal UbaA and SAMP1 to be a homodimer (~ 55 kDa) and monomer (~10 kDa), respectively. Similar results were obtained for the other UbaA and SAMP proteins purified including the site-directed variants. ii) ribbon diagram of MoeB C-terminal region including the Cys tetrad residues (C172-X 2 -C175-X n -C244-X 2 -C247) that coordinate Zn 2+ ; and iii) ribbon diagram of 3D-model of UbaA Cterminal region that includes Cys tetrad residues (C171-X 2 -C174-X n -C245-X 2 -C248) and acidic residues (D244, E250, D254, E257, D258, and D260) which could coordinate Zn 2+ .
(C) Multiple amino acid sequence alignment of UbaA with homologs of the E1/MoeB/ThiF superfamily. Predicted catalytic cysteine (C188), conserved Cys-tetrad (C171, C174, C245, C248), and less conserved cysteine residues (C79, C143, C203, and C265) of UbaA are indicated in red. UbaA residues of the adenylation domain found important for ATP binding (K87 and D131) and other activities (R74 and N71) are highlighted in green. UbaA lysine residues modified by Ubl bonds are indicated in pink, with K87 and K157 further highlighted in green to indicate their important role in catalytic activity. Highlighted in blue is the acidic C-terminal tail common to archaeal UbaA homologs and linker to the rhodanese domain of eukaryotic Uba4/MOCS3 homologs (the latter highlighted in yellow). 
